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1 Introduction

A liquid marble is a liquid droplet coated with hydropho-
bic powder (Aussillous and Quere 2001, 2006; McEle-
ney et al. 2009; Bormashenko 2011; McHale and Newton 
2011; Ooi and Nguyen 2015). The coating layer isolates 
the marble content from its surroundings and even allows 
it to float on the surface of another liquid (Gao and McCa-
rthy 2007; Bormashenko et al. 2009a, b; Bormashenko 
and Musin 2009; Dupin et al. 2009; Fujii et al. 2010, 
2011; Inoue et al. 2011; Bormashenko et al. 2012; Cen-
giz and Erbil 2013; Nakai et al. 2013; Ooi et al. 2015a, 
b, 2016b, c; Kavokine et al. 2016; Khaw et al. 2016). The 
ferrofluid marble was first manipulated on a solid surface 
(Bormashenko et al. 2008). Recently, a number of actua-
tion techniques for floating marbles have been reported. 
The movement of a liquid marble can be achieved with 
magnetic force (Xue et al. 2010; Zhao et al. 2010, 2012; 
Zhang et al. 2012; Khaw et al. 2016) or surface tension 
gradient (Bormashenko et al. 2015; Ooi et al. 2015a; 
Kavokine et al. 2016). Such system can be used as a biore-
actor platform for three-dimensional cell growth (Arbatan 
et al. 2012; Sarvi et al. 2015; Vadivelu et al. 2015), or an 
efficient transportation device for small volumes of liquid. 
The floating liquid marble is made magnetic by mixing a 
small amount of magnetite powder with the liquid (Khaw 
et al. 2016). The magnetic force was selected as the pri-
mary driving force of the system because: (1) magnetic 
microfluidic devices are easier to construct since no addi-
tional power sources are needed; (2) with a powerful rare 
earth magnet, devices can have a relatively small overall 
footprint; (3) magnetite is cheap, easily available, exten-
sively investigated and even bio-compatible in some cases; 
(4) magnets provide forces that can be fine-tuned and span 
several orders of magnitude.
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ing the oscillation of the marble. A liquid marble is a liq-
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In a previous study, we established the operating param-
eters of the floating magnetic liquid marble (Khaw et al. 
2016). The present paper focuses on the dynamic behav-
iour of this system, particularly the effect of friction on the 
movement of the liquid marble. Further understanding of 
the behaviour of the floating liquid marble aids in the imple-
mentation of magnetic digital microfluidics based on liquid 
marbles. The present study adopts the previous experimen-
tal set-up, where a magnetic liquid marble floats on a car-
rier liquid is actuated by a moving permanent magnet. An 
aqueous solution of glycerol is used to vary the viscosity 
of the carrier liquid. The permanent magnet is mounted 
on a linear stage with controlled speed. The floating mag-
netic marble is then dragged along the liquid surface by the 
moving permanent magnet. Stopping the magnet abruptly 
makes the floating liquid marble oscillate around its final 
equilibrium position. Analysing the oscillation allows us to 
characterise the motion by determining the friction correc-
tion factor, the apparent frequency and the spring constant, 
which are the critical parameters of the system. The model 
of a damped simple harmonic motion (SHM) is applied 
to our system, as the oscillation of the floating marble in 
a magnetic field resembles the typical mass-spring-damper 
system. The mass-spring-damper system assumes a restor-
ing force that is proportional to the displacement of a mass. 
The marble velocity is assumed to be independent of the 
critical parameters mentioned previously. The marble vol-
ume and speed as well as glycerol concentration in the car-
rier liquid and consequently its viscosity are varied. We 
then evaluate and report the critical values of the system 
such as the friction factor, the so-called spring constant and 
their relationships with the apparent frequencies.

2  Theory

When the magnet stops, its position acts as the final equi-
librium position of the floating liquid marble. The magnet 
imparts a restoring force which attracts the floating mar-
ble towards the position vertically above the magnet. The 
restoring force acts against the inertia of the liquid marble 
and the friction between the marble and the carrier liquid. 
Clearly, the floating marble is also pulled downwards by 
magnetic force and gravity. However, the vertical equilib-
rium is achieved by the combination of buoyancy force 
and the surface tension of the carrier liquid. During the 
oscillation, the floating liquid marble experiences almost 
no vertical displacement. The assumption of no vertical 
displacement simplifies the system into a one-dimen-
sional problem. At the equilibrium position above the 
permanent magnet, the marble experiences no horizon-
tal force as the magnetic field lines passing through the 
marble are axisymmetric and have a net zero horizontal 

component. When the marble is displaced horizontally 
from its equilibrium position, the magnetic field lines 
now have a horizontal component which increases with 
the displacement of the marble, Fig. 1. This generates a 
restoring magnetic force Fm that points towards the mag-
net. The angular displacement, θ, is defined as the angle 
between the magnet, the marble and the equilibrium posi-
tion. As the vertical distance d is always much greater 
than the marble displacement x the angular displacement 
θ is assumed to be zero throughout the oscillation. Conse-
quently, the vertical component of the restoring magnetic 
force Fmy is assumed to be constant. On the other hand, 
as the marble displacement is very small (~0.1 mm), the 
horizontal magnetic restoring force Fmx generated in this 
region is assumed to be linear with respect to the marble 
displacement. In other words, we can approximate this 
restoring force Fmx using Hooke’s law, such that:

where k is the so-called spring constant and x is the hori-
zontal displacement of the floating marble from its equi-
librium position.

As the floating marble oscillates, the friction force 
between the marble and the liquid surface dampens the 
oscillation amplitude. The damping effect is assumed to 
be contributed only by the friction of the carrier liquid as 
air friction is negligibly small in comparison. The fric-
tion force experienced by a small, spherical particle that 
straddles two fluids can be described using Stokes’ law 

(1)Fmx = kx,
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Fig. 1  Schematic of the floating magnetic liquid marble with the 
coordinate system and magnetic field lines shown. d is the verti-
cal distance between the magnet and the liquid marble, whereas θ 
is the angular displacement. The schematic is not to scale as d ≫ x 
and hence θ ≈ 0. It also follows that the magnetic field lines that pass 
through the marble should be almost vertical. The container is not 
shown here
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supplemented with a dimensionless friction factor (Velev 
et al. 1994; Petkov et al. 1995; Vassileva et al. 2005). We 
have previously tested this hypothesis for small floating 
liquid marbles (Ooi et al. 2016b). Therefore, the friction 
force experienced by the marble Ff can be written as:

where r is the radius of the undeformed spherical marble, 
μ is the dynamic viscosity of the carrier liquid, ẋ is the 
marble velocity, β is the dimensionless friction correction 
factor, and c is the coefficient of friction. The value of the 
friction correction factor ranges from zero, which corre-
sponds to a frictionless environment; to one, which corre-
sponds to a fully submerged spherical body. The equation 
of motion of the marble can then be described as:

where m is the marble mass. The solution of this standard 
second-order linear ordinary differential equation is:

where a is the initial amplitude of the oscillation and 
φ is the phase angle. To describe the system, both the 
spring constant k and the damping coefficient c need to 
be determined. Equation (4) assumes that the marble is 
in oscillation and Eq. (3) has no real roots. This condi-
tion is not a requirement as the damping coefficient can 
be sufficiently large such that the liquid marble slowly 
approaches its asymptotical equilibrium position instead 
of oscillating around it.

Experimentally, the damping coefficient c can be cal-
culated from the envelope function of the marble displace-
ment versus time graph if the marble mass m is known. 
Once c is known, the friction factor β can be easily deter-
mined using Eq. (2). To determine the spring constant k, the 
apparent frequency f needs to be measured. The multiplier 
of time t in the parentheses of Eq. (4) refers to the apparent 

angular frequency of the response ω = 2π f =
√

k
m
− c2

4m2 .  

The apparent frequency f can be measured using spectral 
analysis of the oscillation. Once the apparent frequency and 
damping coefficient are known, the spring constant k can be 
determined.

3  Materials and methods

3.1  Experimental set‑up

Figure 2 shows the experimental set-up that consists of 
a holder made of poly methylmethacrylate (PMMA), a 

(2)Ff = 6βπrµẋ = cẋ,

(3)mẍ + cẋ + kx = 0,

(4)x(t) = ae−
ct
2m cos
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m
−
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,

container made of polystyrene, a permanent magnet and a 
programmable x–y stage. The holder is made of 4.5-mm-
thick PMMA plates and has a slit to hold a 1.5-mm-thick 
PMMA plate for positioning the 10 × 10 cm polysty-
rene container. The water levels to be filled were marked 
with a permanent marker on the polystyrene container. A 
cylindrical permanent magnet (neodymium, a diameter of 
10 mm and a height of 5 mm) is fixed on a programma-
ble x–y stage. The permanent magnet was placed below the 
container as a tool to move the floating liquid marble. This 
magnet was fixed at a vertical distance of 8 mm from the 
liquid marble. We used Vernier calipers to accurately adjust 
the distance, taking into account the combined thickness of 
2.5 mm of the PMMA plate and the polystyrene container. 
The magnetic field density at this distance was measured to 
be 36.4 mT using a Gaussmeter (Hirst Magnetics GM07).

The x–y stage is a motorised linear actuator (Zaber Tech-
nologies T-LS28M) with built-in controllers. The actuator 
has a travel range of 28 mm, a maximum speed of 6.5 mm/s 
and a minimum speed of 0.93 μm/s. The linear motion of 
the actuator was controlled by the Zaber Console software. 
Codes were programmed to define the velocity of the actua-
tor. The actuator was linked to a personal computer through 
an RS-232 port. The actuator allowed a programmable and 
smooth motion of the permanent magnet.

The experimental set-up facilitates video capturing of 
the moving liquid marble. The video of the floating marble 
was recorded and further processed to extracts the param-
eters of the motion mentioned above. The floating marble 
was illuminated with an LED panel to create a large con-
trast between the marble and its surrounding. The images 
were captured by a USB camera (Edmund Optics) with 
an adjustable lens (AF Micro-Nikkor 60 mm f/2.8D). The 
camera software (uEye cockpit, IDS) was set to record the 
motion with 33 frames per second (fps) in a single movie 
file. In the subsequent image processing step, the frames 
were separated and evaluated individually using ImageJ 
(National Institutes of Health, USA) and a custom-written 
programme in MATLAB (Mathworks), to obtain a quanti-
tative position data of the liquid marble.

In the experiments, solutions of different glycerol con-
centration were filled into the container until it reached 
the second marked level, representing a distance of 8 mm 
from the magnet. The medium used was a mixture of 
50 mL deionised water with 5, 10 and 15 mL of glycerol, 
respectively. This corresponds to 9.1, 16.7 and 23.1% in 
volume of glycerol. The properties of the carrier liquid 
were reported in previous studies and are listed in Table 1 
(Muller 1924, Cheng 2008). To ensure consistency, all the 
experiments were performed in a laboratory with an ambi-
ent temperature of 20 °C.

A 1-μL magnetic liquid marble was carefully 
placed into the container. The floating liquid marble 
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automatically aligned itself to the centre of the perma-
nent magnet. The magnet was programmed to move in 
one direction with a stroke of 19.84 mm and 4 speeds 
ranging from 0.93 to 3.72 mm/s. The magnet was then 
stopped leading to the oscillation of the floating liquid 
marble. The experiment was repeated for different vol-
umes of marble and glycerol concentration of the car-
rier liquid. The concentration of magnetite in the drop-
lets was fixed at 0.005 g/mL. The oscillating motion of 
the liquid marble was recorded and analysed for each 
volume or glycerol concentration and the corresponding 
magnet speed. The video was then processed frame-by-
frame to extract the instantaneous centroid positions of 
the marble.

3.2  Preparation of liquid marble

The liquid marble was formed by mixing deionised water 
with magnetite powder (Sigma-Aldrich, iron II/III oxide). 
Magnetite particles have a nominal diameter of less than 
5 μm and a density of approximately 4.8–5.1 g/cm3 at room 
temperature. The magnetite was accurately weighed using 
a high-precision analytical balance (Radwag AS82/220.R2) 
with a resolution of 0.1 mg. For instance, a volume of 4 mL 
deionized water was mixed with 12 mg of magnetite to gen-
erate a mixture with a concentration of 0.003 g/mL of mag-
netic particles. A 1-μL droplet of the mixture was dispensed 
into a polytetrafluoroethylene (PTFE) powder bed and rolled 
into a liquid marble. The PTFE powder (Sigma-Aldrich) has 

Fig. 2  Measurement of 
the dynamic behaviour of a 
magnetically actuated floating 
liquid marble: a experimental 
set-up; b the magnet initiates 
the movement of the floating 
liquid marble to the right. The 
parameters of the experiments 
are the velocity of the magnet, 
glycerol concentration of the 
carrier liquid and the volume of 
the liquid marble; c the magnet 
stops, and the oscillation of the 
marble is observed and captured 
by the camera

Table 1  Properties of water and glycerol mixture at different concentrations

Volume of glycerol mixed 
with 50 ml of water (mL)

Glycerol concentration by 
percentage volume (%)

Dynamic viscosity, μ 
(mPa s) (Cheng 2008)

Density, ρ (kg/m3) (Cheng 
2008)

Surface tension, σ (mN/m) 
(Muller 1924)

5 9.1 1.34 1022.2 71.30

10 16.7 1.75 1042.3 70.93

15 23.1 2.24 1059.4 70.35
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a nominal particle size of 1 μm and a density of approxi-
mately 2.2 g/cm3. A micropipette (Genex-Beta, UK) was 
used to dispense 1 μL of the liquid. The liquid marble was 
continuously rolled until it was completely coated. The liq-
uid marble was then picked up with a stainless steel spoon 
and further rolled around to remove the excess powder. The 
coated liquid marble was then carefully transferred onto the 
carrier liquid. The liquid marble can then be actuated by a 
moving an external permanent magnet.

4  Results and discussion

The measured values of marble mass and radius are shown 
in Table 2. These values were used to calculate the damping 
coefficient c and subsequently friction correction factor β.

The initial displacement of the floating marble and the 
friction correction factor will be analysed to determine 
the effects of the independent variables such as the mag-
net speed, marble mass and the glycerol concentration of 
the carrier liquid.

4.1  Effect of magnet speed

The marble displacement versus time graph for a fixed 
carrier liquid concentration and marble volume is shown 
in Fig. 3. The figure shows the typical damped oscillation 
with a sinusoidal function of the amplitude with an expo-
nential decay. Increasing the magnet speeds increases 
the oscillation amplitudes since the initial speeds of the 
oscillation follow the magnet speeds. The fitted envelope 
functions were equated with the exponential component 
of Eq. (4) to produce the different values of the fric-
tion factor β. Our results also show that varying speeds 
have no significant effects on the friction factor, which is 
expected since it is a variable independent of speed.

To determine the relationship of the initial displace-
ment and friction correction factor of the marble to the 
marble mass, marble volumes are converted to their 
respective masses as shown in Table 2. The law of con-
servation of energy is applied to link the initial displace-
ment and friction correction factor of the marble to the 
marble mass, such that:

where ẋi is the initial velocity of the marble, which is the 
same as the magnet speed; xi is the initial displacement 
of the marble, which can also be taken as the oscillation 
amplitude; and WF is the work done against friction at the 
marble-carrier liquid interface. Equation (5) implies that 

(5)
1

2
mẋ2i =

1

2
kx2i +WF,

Table 2  Measured mass and radius of floating magnetic liquid mar-
bles of different nominal marble volume

Marble volume (μL) Mass (mg) Radius (mm)

1 3.95 ± 0.30 1.05 ± 0.02

5 8.02 ± 0.11 1.33 ± 0.01

10 13.03 ± 0.10 1.63 ± 0.01

Fig. 3  Marble displacement 
x versus time for different 
magnet speeds, at a 0.93 mm/s, 
b 1.86 mm/s, c 2.76 mm/s and 
d 3.72 mm/s. A 5-μL marble 
was paired with a carrier liquid 
of 9.1% glycerol concentration 
in this case. The raw data were 
plotted as the blue oscillation 
with exponentially decaying 
amplitude. The circles indicate 
the peaks used to fit the enve-
lope functions, which are shown 
as red curves. The friction fac-
tors β generated by the top and 
bottom envelope functions are 
shown in each subfigure as well 
(colour figure online)
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the initial kinetic energy of the marble is transformed into 
work done against friction as well as elastic energy when 
the marble reaches its amplitude for the first time after 
the magnet was stopped. The displacement of the marble 
at any time t can be written as:

whereas the friction term can be written as a function of 
initial displacement, such that:

Substituting Eq. (7) into Eq. (5) with appropriate arrange-
ments yields:

Equation (8) can be further simplified to xi ≈ ẋi
√
m/k as 

c ≪ k in our case (to be shown in a later section). Assum-
ing the carrier liquid and container is diamagnetic, the 
magnetic force experienced by the marble can be related 
to the magnetite volume as (Shevkoplyas et al. 2007; 
Nguyen et al. 2010; Khaw et al. 2016):

where Vm is the magnetite volume, χ is the magnetic sus-
ceptibility of the floating marble, μ0 is the permeability 
of vacuum, and B is the magnetic flux density. Due to the 
fixed vertical distance between the marble and the mag-
net as well as small oscillation amplitudes, the magnetic 
flux density is assumed to be constant. Therefore, only 
the only remaining variable is the magnetic flux gradient, 
dB/dx. By setting x = xi, (dB/dx)i is a constant as well. 
Subsequently, we use q as a shorthand to encompass all 
the constants at the oscillation amplitude. The concentra-
tion of the magnetite is fixed in our case, therefore

where V is the marble volume, p is the constant propor-
tion of the magnetite volume within the marble, m is the 

(6)x = xi sin t, or cos t =

√

1−
x2

x2i
,

(7)

WF =
∫ xi

0

cẋ dx

= c

∫ xi

0

xi cos t dx

= c

∫ xi

0

√

x2i − x2 dx

=
cπx2i
4

.

(8)xi = ẋi

(

m

k + cπ/2

)1/2

.

(9)Fm =
Vmχ

µ0

B
dB

dx
= qVm,

(10)Vm = pV =
pm

ρ
,

marble mass, and ρ is the marble density. Setting x = xi 
and substituting Eqs. (10) and (1) into (9) yields:

Next, substituting Eq. (11) into (8) yields:

Hence the initial displacement (amplitude) should have 
a second-order relationship with the magnet speed, as 
shown in Fig. 4a. On the other hand, the friction correc-
tion factor should be independent of the magnet speed. 
This is shown in Fig. 4b, where the friction correction 
factor is stabilised at higher magnet speeds.

4.2  Effect of marble mass

The envelope functions of different marble volumes and 
concentrations were fitted and are shown in Fig. 5. The 
gradient of the envelope function (with logarithmic vertical 
axis) is −c/2 m. The initial region (t = 2–3 s) fits well com-
pared to the latter region as random motions of the floating 
marble becomes much more apparent with the loss of mar-
ble kinetic energy.

The initial displacement and friction correction fac-
tor are plotted against the marble mass to determine their 
relationships. From Eq. (12), it is shown that the initial 
displacement should be independent of the marble mass, 
since the mass terms cancelled out each other. However, the 
results in Fig. 6a indicate otherwise.

Except for the run with the lowest speed, other runs indi-
cate that the initial displacement increases with marble mass. 
This could be due to the increase in marble density term in 
Eq. (12) as the marble volume increases. As the marble coat-
ing is less dense than the liquid it encompasses, increasing 
the marble volume could lead to an increase in the effective 
marble density (Ooi et al. 2016a). The friction correction 
factor is reported to increase with increasing deformation of 
the liquid surface, which increases with marble mass (Ooi 
et al. 2016b). Therefore, the friction correction factor should 
increase with increasing marble mass, as shown in Fig. 6b.

4.3  Effect of carrier liquid viscosity

The initial displacement should be independent of the 
carrier liquid viscosity, assuming a small coefficient of 
friction c as shown in the derivation of Eq. (12). This is 
shown in Fig. 7a where the initial displacement quickly 
stabilises at medium viscosities. On the other hand, 
Fig. 7b shows that increasing the viscosity does not sig-
nificantly change the friction factor. For small floating 

(11)k =
pqm

xiρ
.

(12)xi =
(

ρ

pq

)

ẋ2i .
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Fig. 4  Role of magnet speeds: 
a initial displacement. The car-
rier liquid has a fixed glycerol 
concentration of 16.7%. A 
standard error of 15% is applied 
to the experimental values. b 
Friction correction factor. The 
carrier liquids of various con-
centrations were used, and the 
data points show the averaged 
values with the corresponding 
errors. Top views of marbles 
with different masses shown as 
inset photos
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Fig. 5  Fitted peaks of the envelope functions versus time: a–c differ-
ent marble volumes were used with a fixed concentration of 16.7%; 
d–f different concentrations were used with a fixed marble volume 

of 10 μL. Different colours and symbols indicate runs with different 
speeds. Note that for all the figures above, the negative portions are 
not shown (colour figure online)
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liquid marbles, the friction factor is most affected by the 
surface tension of the carrier liquid (Ooi et al. 2016b), 
because the surface tension force is the dominant verti-
cal force that balances the marble weight. Although the 

glycerol concentration was varied from 9.1 to 23.1%, 
the surface tension of the carrier liquid barely changed 
at all (as shown in Table 1). Therefore, the friction factor 
remains fairly constant.

Fig. 6  Role of the mass of the 
liquid marble: a initial displace-
ment (different magnet speeds 
were used with a glycerol con-
centration of 16.7); b friction 
correction factor (different glyc-
erol concentrations were used to 
produce different viscosities of 
the carrier liquid. Experiments 
with different speeds were 
combined to yield the average 
values and standard errors
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combined to yield the average 
values and standard errors
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4.4  Spectral analysis

Figure 8 shows the apparent frequencies for different mar-
ble volumes at a fixed liquid concentration and different 
liquid concentrations at a fixed marble volume. Fast Fou-
rier transform was used to obtain the frequency distribu-
tion. As our sampling frequency is 33 Hz, the range of the 
frequency spectrum is 0–16 Hz. Runs with different speeds 
do not change the apparent frequencies, which is expected. 
Nonetheless, increasing the marble volume decreases the 
apparent frequencies.

The frequencies are not affected by the different mag-
net speeds or glycerol concentrations. This is most likely 
due to the very low damping ratio ζ = c

2
√
km

<< 1. Con-

sequently, the apparent frequencies are not significantly 
affected by the change of viscosity of the carrier liquid.

Next, the apparent frequency is plotted against the mar-
ble mass and liquid viscosity. From Eq. (4), the apparent 

frequency can be written as f = 1
2π

√

k
m
− c2

4m2 . Therefore, 

the apparent frequency should increase with a mass up to 
m = c2/2 k and then decreases with further increasing mass. 
In our case, c2/2 k (~1 × 10−8 kg) is much smaller than 
the minimum mass used (~1 × 10−6 kg). Consequently, we 
expect that the apparent frequency decreases with the mass, 
Fig. 9a.

For small coefficient of friction (c ≪ k), changing the 
viscosity would not affect the apparent frequency, which is 

shown in Fig. 9b. Marbles of smaller masses seem to devi-
ate from this behaviour, which is likely due to a combina-
tion of (1) the small frequency range that is being analysed 
and (2) the lack of resolution of the frequency spectrum 
due to the brief oscillation process (≈3 s).

With the knowledge of the damping coefficient and the 
apparent frequencies, the spring constant can now be deter-
mined. Rewriting the relationship between the apparent fre-
quency and its component parameters yields:

The spring constants for every run were computed using 
Eq. (13) and plotted against marble mass and liquid viscos-
ity as shown in Fig. 10. Referring to Eq. (11), the spring 
constant should have a linear relationship with marble mass. 
This is true for medium glycerol concentrations as shown 
in Fig. 10a, whereas the extreme concentrations deviate 
from this behaviour. As the spring constant k values are two 
orders of magnitude greater than the coefficient of friction c, 
the assumption of small damping holds true. Therefore, the 
spring constant should not be affected by the liquid viscos-
ity. This is partially shown in Fig. 10b for the marble mass 
of 13.03 mg. The deviation from such a behaviour for the 
other marble masses could be due to a non-homogenous dis-
tribution of the magnetite within the marble during motion. 
Additionally, smaller marbles tend to be more susceptible to 
microcurrents on the liquid surface.

(13)k = (2π f )2m+
c2

4m

Fig. 8  Frequency spectrum 
of the oscillation for different 
volumes (masses) of the liquid 
marble and glycerol concen-
trations: a–c different marble 
volumes were used with a 
fixed glycerol concentration of 
16.7%; d–f different glycerol 
concentrations were used with a 
fixed marble volume of 10 μL. 
The respective peak frequencies 
are indicated in each subfigure. 
Different coloured lines indicate 
runs with different magnet 
speeds (colour figure online)
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As mentioned in Sect. 2, Hooke’s law can only be 
used to model the magnetic restoring force when the 
displacements are small. At large displacements, the 
magnetic field density decreases rapidly. As a result, the 

magnetic restoring force also decreases. In our experi-
ments, the magnets are travelling at relatively low speeds 
due to the limitations of the motorised stage. At higher 
speeds, the marble could gain sufficient momentum to 

Fig. 9  Apparent frequency: a 
apparent frequency as func-
tion of liquid marble mass at 
different liquid viscosities. b 
Apparent frequency as function 
of carrier liquid viscosities at 
different masses. Experiments 
with different magnet speeds 
were combined to yield the 
average and error values
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Fig. 10  Apparent spring con-
stant: a spring constant versus 
marble masses at different 
liquid viscosities; b spring con-
stant versus liquid viscosity at 
different marble masses. Experi-
ments with different magnet 
speeds were combined to yield 
the average and error values
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“escape” the magnetic field and travel in the same direc-
tion as its initial velocity.

5  Conclusion

In this paper we measured the critical parameters needed 
(initial displacement, friction factor, apparent frequency 
and spring constant) to describe the motion of a floating 
magnetic liquid marble on a carrier liquid of different glyc-
erol concentrations. We adopted the damped SHM model to 
conveniently describe the system and tested its applicabil-
ity. Qualitatively, the damped SHM model fits the marble 
displacement data well. Quantitatively, we showed that the 
system satisfies the assumptions required by the damped 
SHM model. The initial speed of the marble does not affect 
the friction correction factor or the apparent frequency of 
the system. The initial speed only increases the initial dis-
placement, also known as the amplitude of the marble.

Increasing the marble mass (1) increases the friction 
correction factor due to larger liquid surface deforma-
tion; (2) increases the initial displacement of the marble, 
due to the dependence of effective marble density on its 
volume; (3) decreases the apparent frequency as predicted 
by the SHM model; and (4) increases the spring constant 
due to the increased magnetite content. On the other hand, 
increasing the liquid viscosity (1) does not affect the fric-
tion correction factor, as predicted by the SHM model; (2) 
does not affect the initial displacement and (3) the apparent 
frequency of the marble due to the negligibly small coeffi-
cient of friction, which is characteristic for a floating mar-
ble. Also, we expect the viscosity to have no effect on the 
spring constant as well since they are independent of each 
other. However, the mixed results do not provide us with 
such a conclusion. By solving all the critical parameters of 
the system, we can now describe and predict the motion of 
the magnetically controlled floating liquid marble.

For future works, the permanent magnet can be pro-
grammed to oscillate continuously instead of stop-
ping abruptly, which allows the resonance effects to be 
investigated. With the floating marble in resonance with 
the permanent magnet, the marble could potentially be 
launched at high speeds. Furthermore, large oscilla-
tory motions could be the key to induce chaotic mixing 
within the marble, which remains as one of the major 
challenges for this digital microfluidics platform.

6  Supplementary electronic materials

Videos 1, 2 and 3 show the movement of typical liquid 
marbles (1 μL, carrier liquid with 16.7% glycerol), (5 μL, 

carrier liquid with 9.7% glycerol), (10 μL, carrier liquid 
with 23.1% glycerol), respectively.
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